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SYSTEM AND METHOD FOR WAVELENGTH CONVERSION USING A VLSOA 
Inventor: Sol P. DiJaili, John M. Wachsman 

RELATED APPLICATION 
[0001] This application claims priority under 35 U.S.C. § 1 1 9(e) from U.S. Patent 

Application serial No. 60/274,548, entitled, "System and Method for Wavelength Conversion 

Using a VLSOA," by Sol DiJaili, filed March 9, 2001, which is incorporated by reference in its 

entirety. 



\A BACKGROUND 
1 . Field of the Invention 



[0002] This invention relates to optical communications systems, in particular, to 

lU 

n wavelength conversion. Still more particularly, the present invention relates to wavelength 



conversion using vertical lasing semiconductor optical amplifiers (VLSOA) and other lasing 
semiconductor optical amplifiers. 



2. Backeroxmd of the Invention 

[0003] As the result of continuous advances in technology, particularly in the area of 
networking such as the Internet, there is an increasing demand for communications bandwidth. 
For example, the transmission of data over a telephone company's trunk lines, the transmission 
of images or video over the Internet, the transfer of large amounts of data as might be required in 
transaction processing, or videoconferencing implemented over a public telephone network 
typically require the high speed transmission of large amoimts of data. As applications such as 
these become more prevalent, the demand for communications bandwidth capacity will only 
increase. 
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[0004] Optical fiber is a transmission medium that is well suited to meet this increasing 
demand. Optical fiber has an inherent bandwidth that is much greater than metal-based 
conductors, such as twisted pair or coaxial cable; and protocols such as the SONET optical 
carrier (OC) protocols have been developed for the transmission of data over optical fibers. 
Typical communications system based on optical fibers include a transmitter, an optical fiber, 
and a receiver. The transmitter converts the data to be communicated into an optical form and 
then transmits the resulting optical signal via the optical fiber to the receiver. The receiver 
recovers the original data fi-om the received optical signal. 

[0005] To maximize the amount of data transmitted on a single fiber, many different 
wavelengths of light are carried over the same optical fiber. Each wavelength acts as a different 
channel, carrying its own signal. This allows the data capacity of a single optical fiber to be 
greatly increased. When data in a network must be switched, often the signals fi^om two separate 
fiber inputs must be output in a single fiber. If the signals are carried by the fiber inputs on the 
same wavelength, a problem known as signal blocking results. In such a case, if both signals 
remain on the same wavelength and are output in the single output fiber, interference and loss of 
data will result. 

[0006] Figure 1 is a block diagram of a prior art switch where such a problem may occur. 
A signal on a furst wavelength ("X,") enters the switch 8 on a first fiber 2. A second signal 
carried on the same first wavelength X, enters the switch 8 on a second fiber 4. The signals must 
both be output on a single output fiber 10. In order for the output fiber 10 to carry both signals 
without blocking, one of the signals on the first wavelength A., must be converted to a second 
wavelength Otherwise, interference and loss of data will result. In the past, wavelength 
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conversion has been accomplished through optical-electrical-optical ("OEO") systems and Mach 
Zhender systems. 

[0007] Figure 2a is a block diagram of a prior art OEO system for wavelength conversion. 
In an OEO wavelength conversion system, the input is optical, the wavelength conversion 
happens electrically, and then the signal is output optically. As seen in Figure 2a, the signal is 
carried in an input optical fiber 14 on a first wavelength X,. An optical detector 16 detects the 
signal and outputs the signal in electrical form to an electrical remodulator 18. The electrical 
remodulator 1 8 remodulates the signal so that the signal is carried by a new wavelength ^. A 
source 20 converts the signal fix)m the electrical domain to the optical domain and resends the 
i"' signal, now on second wavelength on an optical fiber output 22. The signal remains the same 
rn in both the input 14 and the output 22, but the wavelength that carries the signal changes. 
C3 Because the signal must be converted ifrom optical to electrical, then converted back to optical, 
I J* the system has the drawbacks of being relatively large, complex and expensive, and further 

i w 



suffers losses firom the conversion between electrical and optical. 



13 

\A [0008] Figure 2b is a block diagram of a Mach Zhender modulator that converts a signal 
from one wavelength to another. The signal is carried by a first wavelength X, on an input 
optical fiber 24. A second optical fiber input 26 carries a second signal at a second wavelength 
Xj. A splitter 28 or alternatively a directional coupler splits the second signal into two parts. The 
signal on the first wavelength X, is combined with one part of the second signal at a combiner 38 
and this combination enters an amplifier 30 such as a semiconductor optical amplifier ("SOA**). 
Within the amplifier 30, crosstalk occurs between the signal on the first wavelength and the 
second wavelength X^, The other part of the second signal enters a second amplifier 32. The 
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outputs of the first amplifier 30 and second amplifier 32 are combined at a combiner 34 and 
output on an optical fiber 36. Due to the interference between the first and second wavelengths, 
the signal is carried by the second wavelength in the resulting combined output. However, 
because the Mach Zhender uses multiple amplifiers and requires an independent second 
wavelength input, the system has the drawbacks of being relatively large, complex and 
expensive. The Mach Zhender is also subject to cross-phase modulation and gain saturation. 
[0009] Systems such as those described above often require pre-amplifiers to boost the 
signal input to the wavelength converter to coimter signal loss when converted. These pre- 
I- amplifiers add more size and expense to the wavelength converter. 

q 

1^ [0010] Many applications require an array of wavelength converters for many different 

ly wavelengths. In such applications, extra wavelength converters must be available to replace 

Q 

C3 those that have failed. Storing a different wavelength converter for each wavelength is 

5 

\f expensive. 

lu 

\^ 

•P 
(3 

SUMMARY OF THE INVENTION 
[0011] The present invention converts the wavelength of an optical signal. The optical 

signal on a first wavelength is the input, and a corresponding signal on a second wavelength is 

the wavelength converted output. 

[0012] One embodiment is a method for converting the optical signal from one wavelength 
to a second wavelength. A VLSOA is used to convert the wavelength of the signal. The 
VLSOA comprises an input, a laser cavity with an optical path, an amplifying path through the 
laser cavity, and a laser output. The optical signal is input to the input of the VLSOA. The laser 
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cavity is pumped to exceed the lasing threshold of the laser cavity. As the input optical signal 
propagates along the ampUfying path of the VLSOA, an output optical signal is output from the 
laser output of the VLSOA. The output optical signal is based on the input signal and is on the 
second wavelength. 

[0013] Another embodiment is an apparatus for converting an input optical signal from a 
first wavelength to a second wavelength. The apparatus comprises a first VLSOA. The first 
VLSOA comprises an input, a laser cavity with an optical path, an amplifying path through the 
laser cavity, a piunp input, and a laser output. The input optical signal is input to the input of the 
first VLSOA. A pump that exceeds the lasing threshold of the laser cavity is input to the pump 
input. As the input optical signal propagates along the amphfying path of the first VLSOA, an 
intermediate optical signal is output from the laser output of the first VLSOA. The apparatus 
fiirther comprises a second VLSOA. The second VLSOA comprises an input, a laser cavity with 



i** an optical path having an optical path length, an amplifying path through the laser cavity, a pump 
input, and a laser output. The intermediate optical signal is input to the input of the second 

|I VLSOA. A pump that exceeds the lasing threshold of the laser cavity is input to the pump input. 
As the intermediate optical signal propagates along the amplifying path of the second VLSOA, 
an output optical signal is output firom the laser output of the second VLSOA. The output optical 
signal is based on the input optical signal and has the second wavelength. 
[0014]' A third embodiment is another method for converting an input optical signal from 
a first wavelength to a second wavelength. Two VLSOAs, each comprising an input, a laser 
cavity with an optical path having an optical path length, an amplifying path connected to the 
input and passing through the laser cavity, and a laser output, are used to convert the wavelength 
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of the signal. The input optical signal is received at the input of the first VLSOA. The laser 
cavity of the first VLSOA is pumped to exceed the laser threshold for the laser cavity. As the 
input optical signal propagates along the amplifying path of the first VLSOA, an intermediate 
optical signal is output fi-om the laser output of the first VLSOA. The intermediate signal is 
received at the input of the second VLSOA. The laser cavity of the second VLSOA is pumped to 
exceed the laser threshold for the laser cavity. In response to the intermediate optical signal 
propagating along the amplifying path of the second VLSOA, an output optical signal is output 
fi-om the laser output of the second VLSOA. The output optical signal is based on the input 

1^ optical signal and has the second wavelength. 

b 

^5 [0015] Yet another embodiment is another apparatus for converting an input optical signal 

M 
?j 

ly fi-om a first wavelength to a selected second wavelength. The apparatus comprises an input, a - 

h 

(5 selector, and a plurality of VLSOAs. The input receives the input optical signal. The selector 

2 

f ^ directs the input optical signal to a selected one of the plurality of VLSOAs. Each of the 

fU 

't. VLSOAs comprises an input, a laser cavity with an optical path having an optical path length, an 

"F 

n 

• amplifying path connected to the input and passing through the laser cavity, a pump input, and a 
laser output. The input optical signal is received at the input of the selected one of the plurality 
of VLSOAs. A pump that exceeds laser threshold for the laser cavity is received at the pump 
input. In response to the input optical signal propagating along the amplifying path of the 
selected VLSOA, an output optical signal is output torn the laser output of the selected VLSOA. 
The output optical signal is based on the input optical signal and has the second wavelength, the 
second wavelength being determined by the optical path length of the selected VLSOA. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] Figure 1 is a block diagram of a switch wherein switch blocking may occur. 

[0017] Figure 2a is a block diagram of an OEO system for wavelength conversion. 

[0018] Figure 2b is a block diagram of a Mach Zhender modulator used for wavelength 

conversion. 

[0019] Figure 3 is a diagram of a vertical lasing semiconductor optical amplifier (VLSOA) 
in accordance with the present invention. 

i'k [0020] Figure 4 is a flow diagram illustrating operation of VLSOA when it is used as an 

n 

U amplifier. 

f y [0021] Figure 5a is a perspective view of a preferred embodiment of a VLSOA according 

(3 to the present invention. 



[0022] Figure 5b is a transverse cross-section of a preferred embodiment of a VLSOA 



!U 

Id , . 

p according to the present mvention. 

h 

\A [0023] Figure 5c is a longitudinal cross-section of a preferred embodiment of a VLSOA 
according to the present invention. 

[0024] Figure 6 is a diagram of a VLSOA used as a fixed wavelength converter. 
[0025] Figure 7 is a block diagram of another embodiment of a fixed wavelength converter. 
[0026] Figure 8 is a block diagram of yet another embodiment of fixed wavelength 
conversion using a VLSOA. 

[0027] Figure 9 is a diagram of a VLSOA 902 configured as a tunable wavelength 
converter. 



Case 5921 



7 



21 153/01000/DOCS/l 1 76884.1 



[0028] Figure 10a is a diagram of a VLSOA with a variable distance between the mirrors. 
[0029] Figure 1 Ob is a diagram of a VLSOA with a variable distance between the mirrors, 
the top mirror being suspended in the air gap by a cantilever section. 

[0030] Figure 1 Oc is a diagram of a VLSOA with a variable distance between the mirrors, 
the top mirror being suspended in the air gap by flexible tethers. 

[0031] Figure 1 1 is a diagram of an embodiment of a VLSOA with a tunable output 
wavelength. 

[0032] Figure 12 is a block diagram of a tunable wavelength converter where the final, 
converted output is not inverted. 



^1 



j I [0033] Figure 1 3 is a block diagram of an optical flip-flop wavelength converter. 

i U [0034] Figure 14 is a block diagram illustrating one application for a wavelength converter. 
13 

3 

U DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

fU 
U 
p 



A [0035] An embodiment of a wavelength converter utilizes a vertical lasing semiconductor 



□ optical ampHfier (VLSOA). The VLSOA is one type of lasing semiconductor optical amplifier 
(LSOA). Other embodiments utilize other types of LSOAs, such as transverse lasing 
semiconductor optical amplifiers (TLSOA) or longitudinal lasing semiconductor optical 
amplifiers (LLSOA). Figures 1, 2a, and 2b were discussed previously. 
[0036] Figure 3 is a diagram of a VLSOA ICQ in accordance with the present invention. 
The VLSOA 100 has an input 112 and an output 114. The VLSOA 100 further includes a 
semiconductor gain medium 120, with an amplifying path 130 coupled between the input 112 
and the output 1 14 of the VLSOA 100 and traveling through the semiconductor gain medium 
120. The VLSOA 100 further includes a laser cavity 140 including the semiconductor gain 
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medium 120, and a pump input 150 coupled to the semiconductor gain medium 120. The laser 
cavity 140 is oriented vertically with respect to die amplifying path 130. The pump input 1 50 is 
for receiving a pump to pump the semiconductor gain medium 120 above a lasing threshold for 
the laser cavity 140. When pumped above threshold, the laser cavity 140 generates a laser signal, 
which will be referenced to as a ballast laser signal. The ballast laser signal exits the VLSOA 
100 via ballast laser output 116. 

[0037] Figure 4 is a flow diagram illustrating operation of VLSOA 100 when it is used as 
an amplifier. The VLSOA 100 receives 210 an optical signal at its input 112. The optical signal 

I A propagates 220 along the amplifying path 1 30. The pump signal received at pump input 1 50 

13 

C3 pumps 230 the semiconductor gain medium above a lasing threshold for the laser cavity 140. 
When lasing occurs, the round-trip gain offsets the round-trip losses for the laser cavity 140. In 

P 

p other words, the gain of the semiconductor gain medium 120 is clamped to the gain value 

8 

I* necessary to offset the round-trip losses. The optical signal is amplified 240 according to this 
fU 

i j gain value as it propagates along the amplifying path 1 30 (i.e., through the semiconductor gain 

]p 

1^ medium 120). The amplified signal exits the VLSOA 100 via the output 1 14. 

[0038] Note that the gain experienced by the optical signal as it propagates through the 
VLSOA 100 is determined in part by the gain value of the semiconductor gain medium 120 (it is 
also determined, for example, by the length of the amplifying path 130) and this gain value, in 
turn, is determined primarily by the lasing threshold for the laser cavity 140. In particular, the 
gain experienced by the optical signal as it propagates through each VLSOA 100 is substantially 
independent of the amplitude of the optical signal. This is in direct contrast to the situation with 



Case 5921 



9 



2 11 53/01 OOO/DOCS/l 1 76884. 1 



H 



jy contact as well. An optional delta doping layer 5 1 8 is located between the top cladding layer 507 

a 

C5 and confinement layer 519. The confinement layer 5 1 9 includes a confinement structure 509, 



non-iasing SOAs and overcomes the distortion and crosstalk disadvantages typical of non-lasing 
SOAs. 

[0039] Figures 5a-5c are a perspective view, transverse cross-section, and longitudinal 
cross-section, respectively, of a preferred embodiment of a VLSOA 500 according to the present 
invention, with Figure 5b showing the most detail. 

[0040] Referring to Figure 5b and working from bottom to top in the vertical direction 
(i.e., working away from the substrate 502), VLSOA 500 includes a bottom mirror 508, bottom 
cladding layer 505, active region 504, top cladding layer 507, confinement layer 519, and a top 
mirror 506. The bottom cladding layer 505, active region 504, top cladding layer 507, and 



confinement layer 5 19 are in electrical contact with each other and may be in direct physical 



1^ which forms aperture 515. The VLSOA 500 also includes an electrical contact 510 located 
above the confinement structure 509, and a second electrical contact 51 1 formed on the bottom 

]a side of substrate 502. 

[0041] . Comparing to Figure 3, the semiconductor gain medium 120 includes the active 
region 504 and the laser cavity 140 is formed primarily by the two mirrors 506 and 508 and the 
active region 504. This embodiment is electrically pumped so the pump input 150 includes the 
electrical contacts 5 1 0, 5 11 . 

[0042] VLSOA 500 is a vertical lasing semiconductor optical amplifier since the laser 
cavity 540 is a vertical laser cavity. That is, it is oriented vertically with respect to the 
amplifying path 530 and substrate 502. The VLSOA 500 preferably is long in the longitudinal 
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direction, allowing for a long amplifying path 530 and, therefore, more amplification. The entire 
VLSOA 500 is an integral structure fonned on a single substrate 502 and may be integrated with 
other optical elements. In most cases, optical elements which are coupled directly to VLSOA 
500 will be coupled to the amplifying path 530 within the VLSOA. Depending on the manner of 
integration, the optical input 512 and output 514 may not exist as a distinct structure or facet but 
may simply be the boundary between the VLSOA 500 and other optical elements. Furthermore, 
although diis disclosure discusses the VLSOA 500 primarily as a single device, the teachings 
herein apply equally to arrays of devices. 

[0043] VLSOA 500 is a layered structure, allowing the VLSOA 500 to be fabricated using 
standard semiconductor fabrication techniques, preferably including organo-metallic vapor phase 
epitaxy (OMVPE) or organometallic chemical vapor deposition (OMCVD). Other common 
fabrication techniques include molecular beam epitaxy (MBE), liquid phase epitaxy (LPE), 
photolithography, e-beam evaporation, sputter deposition, wet and dry etching, wafer bonding, 
ion implantation, wet oxidation, and rapid thermal annealing, among others. 
[0044] The optical signal amplified by the VLSOA 500 is confined in the vertical direction 
by index differences between bottom cladding 505, active region 504, and top cladding 507, and 
to a lesser extent by index differences between the substrate 502, bottom mirror 508, 
confinement layer 519, and top mirror 506. Specifically, active region 504 has the higher index 
and therefore acts as a waveguide core with respect to cladding layers 505, 507. The optical 
signal is confined in the transverse direction by index differences between the confmement 
structure 509 and the resulting aperture 5 1 5. Specifically, aperture 515 has a higher index of 
refinction than confinement structure 509. As a result, the mode of the optical signal to be 
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amplified is generally concentrated in dashed region 521. The amplifying path 530 is through 
the active region 504 in the direction in/out of the plane of the paper with respect to Figure 5. 
[0045] The choice of materials system will depend in part on the wavelength of the optical 
signal to be amplified, which in turn will depend on the application. Wavelengths in the 
approximately 13-1.6 micron region are currently preferred for telecommunications applications, 
due to the spectral properties of optical fibers. The approximately 1.28-1.35 micron region is 
currently also preferred for data communications over single mode fiber, with the approximately 
0.8-1.1 micron region being an altemate wavelength region. The term "optical" is meant to 

U include all of these wavelength regions. In a preferred embodiment, the VLSOA 500 is 

u optimized for the 1 .55 micron window. 

^ [0046] In one embodiment, the active region 504 includes a multiple quantum well (MQW) 

p active region. MQW structures include several quantum wells and quantum wells have the 

M advantage of enabling the formation of lasers with relatively low threshold currents. In altemate 
fU 

''^ embodiments, the active region 504 may instead be based on a single quantum well or a double- 



1^ heterostructure active region. The active region 504 may be based on various materials systems, 
including for example InAlGaAs on InP substrates, InAlGaAs on GaAs, InGaAsP on InP, 
GalnNAs on GaAs, InGaAs on ternary substrates, and GaAsSb on GaAs. Nitride material 
systems are also suitable. The materials for bottom and top cladding layers 505 and 507 will 
depend in part on the composition of active region 504. 

[0047] Examples of top and bottom mirrors 506 and 508 include Bragg reflectors and non- 
Bragg reflectors such as metallic mirrors. Bottom mirror 508 in Figure 5 is shown as a Bragg 
reflector. Top mirror 506 is depicted as a hybrid mirror, consisting of a Bragg reflector 517 
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followed by a metallic minx)r 513. Bragg reflectors may be fabricated using various materials 
systems, including for example, alternating layers of GaAs and AlAs, SiOj and TiOj, InAlGaAs 
and InAlAs, InGaAsP and InP, AlGaAsSb and AlAsSb or GaAs and AlGaAs. Gold is one 
material suitable for metallic mirrors. The electrical contacts 510, 51 1 are metals that form an 
ohmic contact with the semiconductor material. Commonly used metals include titanium, 
platinum, nickel, germanium, gold, palladium, and aluminum. In this embodiment, the laser 
cavity is electrically pumped by injecting a pump current via the electrical contacts 5 10, 51 1 into 
the active region 504. In particular, contact 510 is a p-type contact to inject holes into active 
I ^ region 504, and contact 511 is an n-type contact to inject electrons into active region 504. 
i 3 Contact 5 1 0 is located above the semiconductor structure (i.e., above confinement layer 519 and 
\ ^ the semiconductor part of Bragg reflector 5 1 7, if any) and below the dielectric part of Bragg 

|5 reflector 517, if any. For simplicity, in FIG. 5, contact 510 is shown located between the 

= 

I ;k confinement layer 5 1 9 and Bragg reflector 517, which would be the case if Bragg reflector 517 
fU 

{•i were entirely dielectric. VLSOA 500 may have a number of isolated electrical contacts 5 1 0 to 



fa 
sfca 



allow for independent pumping within the amplifier. This is advantageous because VLSOA 500 
is long in the longitudinal direction and independent pumping allows, for example, diffeient 
voltages to be maintained at different points along the VLSOA. Alternately, the contacts 510 
may be doped to have a finite resistance or may be separated by finite resistances, rather than 
electrically isolated. 

[0048] Confinement structure 509 is formed by wet oxidizing the confinement layer 519. 
The confinement structure 509 has a lower index of refi:action than aperture 515. Hence, the 
effective cross-sectional size of laser cavity 540 is determined in part by aperture 515. In other 
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words, the confinement structure 509 provides lateral confinement of the optical mode of laser 
cavity 540. In this embodiment, the confinement structure 509 also has a lower conductivity 
than aperture 515. Thus, pump current injected through electrical contact 510 will be chaimeled 
through aperture 515, increasing the spatial overlap with optical signal 521. In other words, the 
confinement structure 509 also provides electrical confinement of the pump current. 
[0049] When used as an amplifier, VLSOA 500 operates as follows. Pump current is 
injected through contacts 510, 51 1, or, more precisely, holes are injected througji contact 510 and 
electrons through contact 511. These holes and electrons flow to the active region 504, where 
1^ they increase the carrier density in the active region 504. That is, the pump current is used to 



□ pump the active region 504. The pump current is laterally confined by aperture 515 and 

l"^ confinement structure 509. The pump current is sufficiently high to exceed a lasing threshold for 

i'U 

j| vertical cavity 540. As a result, laser radiation is generated by the vertical cavity 540. This laser 

3 

\A radiation may be emitted from the vertical cavity, for example, through the top surface 520 or 

ru 

into the substrate 502 or it may be generated but not actually emitted from the VLSOA 500. The 

«^ 

1^ laser radiation may he in the visible, infrared, ultraviolet or other frequency range. 

[0050] While the laser cavity 540 is operating above the lasing threshold, an optical signal 
is received at input 512 and propagates through the VLSOA 500 along amplifying path 530. As 
the optical signal propagates through the active region 504, the optical signal is amplified by a 
gain multiplier due to stimulated emission of additional photons. The gain multiplier is 
substantially constant (i.e., independent of the amplitude of the optical signal) because the laser 
radiation produced by laser cavity 540 acts as a ballast to prevent gain saturation. That is, when 
the optical signal is weaker, fewer additional photons are stimulated by the optical signal, but 
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more laser radiation is generated. But when the optical signal is stronger, more additional 
photons are stimulated by the optical signal, but less radiation is generated. Typically, the value 
of the constant gain multiplier is inversely proportional to the loss of the cavity mirrors 506 and 
508. For example, ignoring internal loss, if a 0.2% mirror loss (99.8% reflectivity) results in a 
gain of 10 dB (10 times), then a three times larger 0.6% loss (99.4% reflectivity) would result in 
a roughly three times larger logarithmic gain of 30 dB (1000 times) for otherwise identical 
VLSOAs 500. The amplified signal exits the VLSOA 500 at output 5 14. 
[0051] Often, it is useful to combine a VLSOA with some other optical element. These 
combinations may be implemented as combinations of discrete devices, which are coupled 
together by optical fibers. Alternatively, the combinations may be implemented as integrated 
ry optics, in which many optical elements are mtegrated onto a common substrate. 

a 

O [0052] The integration of VLSOAs with other optical elements may be implemented using 
any number of techniques. In one approach, both the VLSOA and the other optical element are 



(3 



formed using a common fabrication process on a common substrate, but with at least one 



C3 

\A parameter varying between the VLSOA and the optical element. For example, selective area 
epitaxy (SAE) and impurity induced disordering (IID) are two fabrication processes which may 
be used in this manner. 

[0053] In one approach based on SAE, a nitride or oxide SAE mask is placed over selected 
areas of the substrate. Material is deposited on the masked substrate. The SAE mask results in a 
difference between the transition energy (e.g., the bandgap energy) of the material deposited on a 
first unmasked area of the substrate and the transition energy of the material deposited on a 
second unmasked area of the substrate. For example, the material deposited on the first 
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unmasked area might form part of the active region of the VLSOA and the material deposited on 
the second unmasked area might form part of the core of a waveguide, with the difference in 
transition energy accounting for the different optical properties of the active region and the 
transparent core. SA£ is particularly advantageous because it results in a smooth interface 
between optical elements and therefore reduces optical scattering at this interface. This, m turn, 
reduces both parasitic lasing modes and gain ripple. Furthermore, the SAE approach can be 
confined to only the minimum number of layers necessary (e.g., only, the active region), thus 
minimizing the impact on the rest of the integrated optical device. 

|i [0054] In a different approach based on ED, an lED mask is placed over selected areas of 

(3 

□ the substrate. The masked substrate is bombarded with impurities, such as silicon or zinc, and 

\^ 

subsequently annealed to cause disordering and intermixing of the materials in the bombarded 
Q region. The IID mask results in a difference between the transition energy of the material 

underlying a masked area of the substrate and the transition energy of the material underlying an 

!U 

f unmasked area of the substrate. Continuing the previous example, the masked area might form 
1^ part of the VLSOA active region and the unmasked area might form part of the core of a 

waveguide, with the difference in transition energy again accounting for the different optical 

properties. 

[0055] In the previous SAE and IID examples, the difference in transition energy results in 
different optical properties between the VLSOA active region and a waveguide. Engineering the 
transition energy may also be used to fabricate many other types of integrated optical devices. 
For example, changing the transition energy between two VLSOAs can be used to optimize each 
VLSOA for a different wavelength region. In this way, the transition energy in a VLSOA could 
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be graded in a controlled way to broaden, flatten, and shape the gain profile. Alternately, two 
different elements, such as a VLSOA and a laser source might require different transition 
energies for optimal performance. Other embodiments will be apparent. 
[0056] In a different approach, the VLSOA and the optical element are formed on a 
common substrate but using different fabrication processes. In one example, a VLSOA is 
formed on the common substrate in part by depositing a first set of materials on the substrate. 
Next, the deposited material is removed from selected areas of the substrate, for example by an 
etching process. A second set of materials is deposited in the selected areas to form in part the 
optical element. Etch and fill is one process which follows this approach. Continuing the 



U VLSOA and waveguide example from above, materials are deposited to form the VLSOA (or at 

1-^ 



least a portion of the VLSOA). In the areas where the waveguide is to be located, these materials 

CD 

are removed and additional materials are deposited to form the waveguide (or at least a portion of 

s 

M it). 

ru 



[0057] In yet another approach, the VLSOA and the optical element are formed on separate 



n 

1^ substrates by separate fabrication processes and then integrated onto a common substrate. Planar 
lightwave circuitry and silicon optical bench are two examples of processes following this 
approach. In one example, the VLSOA is formed on a first substrate. The optical element is 
formed on a second substrate. The VLSOA and the optical element are then integrated onto a 
common substrate, which could be the first substrate, the second substrate or a completely 
different substrate. 

[0058] Figure 6 is a diagram of a VLSOA 602 used as a fixed wavelength converter. The 
VLSOA 602 has an input 1 12 to the amplifying path, an output 1 14 of the amplifying path, a 
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pump input 150 for pumping the active region, and a laser output 610 for the laser mode of the 
laser cavity. The laser output 610 oftheVLSOA 602 has a constant waveleng;thX^,. The 
wavelength X^, of the laser output 610 is determined by the optical path length of the laser cavity. 
This optical path length is fixed in the VLSOA 602. Thus, the VLSOA 602 acts as a fixed 
wavelength converter. 

[0059] The optical path length of the laser cavity, and the wavelength X.,.,, of the laser 
output 610 are primarily determined by the distance 612 between the mirrors 506 and 508 and 
the refi-active index of the materials between the mirrors 506 and 508. The optical path length 
U can be changed physically, electro-optically, photo-optically, thermo-optically, through carrier 

b 

^5 injection, and by other methods. In the VLSOA 602, both the distance 612 between the mirrors 

M 

s-1 506 and 508 and the refiractive index are fixed. Therefore, the wavelength of the laser output 

lU 

p 610 is also fixed. Since the distance 612 between the mirrors 506 and 508 and the index of 

s 

1*^ refi-action are both independent of the wavelength 7^ of the input 1 1 2, the wavelength of the 

ru 

laser output 610 is fixed, independent of the wavelength of the input 1 12. 
[0060] The VLSOA 602 acts as a wavelength converter because the wavelength of the 
laser output 610 is independent of the wavelength of the signal being amplified and, in fact, 
can be either shorter or longer than the wavelength of the signal being amplified. Hence, this 
type of wavelength converter has an advantage over conventional SOA-based wavelength 
converters in that it can convert to either a shorter or a longer wavelength. Other advantages 
include integration of the output laser and amplifier into a single device, with high speed and a 
large dynamic range. 
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[0061] When functioning as a wavelength converter, as in Figure 6, the VLSOA 602 is 
configured to function as an inverter. In this application, the amplifier input 1 12 serves as the 
input to the inverter and the laser output 610 serves as the output. The pump 150 acts as a power 
source and the amplifier output 1 14 is discarded for wavelength conversion purposes. This 
configuration takes advantage of the fact that the laser output 610 acts as a ballast. In other 
words, if the amplifier output 1 14 is strong, the laser output 610 will be weak. But if the 
amplifier output 1 14 is weak, the laser output 610 will be strong. Hence, if a weak signal (a 
digital "0") is input to the amplifier input 1 12, the resulting amplifier output 1 14 will still be 
relatively weak and the laser output 610 will be strong (a digital "1"). Conversely, if a strong 
signal (digital "1") is input to the amplifier input 1 12, the resulting ampUfier output 1 14 will also 
be strong and the laser output 610 will be weak (digital "0")- Taken to an extreme, if no signal is 
input to the VLSOA 602, there will be no amplifier output 114 and the laser output 610 will have 
its maximum strength. On the other hand, if a very strong signal is input to the VLSOA 602, the 
gain region will be saturated and lasing will be extinguished, resulting in no laser output 610. 
Hence the VLSOA 602 operates as an inverter when the laser output 610 is used as the primary 
output of the device. 

[0062] By taking the laser output 6 1 0 as the output, the VLSOA 602 acts to convert the 
wavelength of a signal. However, as shown above, the signal output at the laser output 610 is the 
input 1 12 signal inverted. Also as shown above, the wavelength of the laser output 610 is 
fixed, no matter what the wavelength A., of the input 1 12 is. Therefore, the signal, carried by an 
input 1 12 of any wavelength X,, is inverted and converted to the wavelength A.^, of the laser 
output 610. The VLSOA 602 in inverter configuration functions as a fixed wavelength 
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converter. Consistent with the present invention, VLSOAs with different refractive indices and 
mirror positions can be manufactured and used to provide fixed wavelength conversion into 
different wavelengths. 

[0063] Additionally, the fixed wavelength converter does not require a pre-amplifier. The 
VLSOA is capable of a generating a high power laser output 610 so that such a pre-amplifier is 
unnecessary. 

[0064] Figure 7 is a block diagram of another embodiment of a fixed wavelength converter. 
The embodiment of Figure 7 includes the VLSOA 602 of Figure 6 as a first VLSOA. The input 
signal 1 12 of any wavelength 7^ enters the first VLSOA 602. The laser output 610 of the first 
13 VLSOA 602 carries the input signal on a fixed wavelength X^,. The wavelength A.^ is determined 
jj^ by the physical properties of the VLSOA 602, including the index of refiraction and the distance 
12 between the mirrors 612, as discussed above. Again as discussed above, in the laser output 610 



the input signal has been inverted. 
^'^ [0065] This inverted signal 610 is an intermediate signal and is provided as input to a 
|2 second VLSOA 614. This can be done by using a mirror 702, by positioning the VLSOAs 602, 
614 with orthogonal orientations, or using other methods to direct the signal 610 from the first 
VLSOA 602 into the second VLSOA 614. The laser output 616 of the second VLSOA 614 acts 
as the final output of the wavelength converter. As with the first VLSOA 602, the amplifier 
output 1 14 of the second VLSOA 614 is discarded. Since the second VLSOA 614 also acts as an 
inverter, the signal is re-inverted so that the signal is returned to its original form but at a 
wavelength, ^^2, which may or may not be the same as wavelength Xc,. 
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fU 



fU 



[0066] The optical path length of the laser cavity of the second VLSOA 614 determines the 
wavelength of output 616. This optical path length is fixed, and is determined by the 
distance between the mirrors and the index of refraction of the materials of the second VLSOA 
614. The second VLSOA 614 is similar in structure to the first VLSOA 602. As discussed 
above, an input of any wavelength will resuh in the same constant wavelength output. Thus, in 
the embodiment of Figure 7, the wavelength of the output 610 of the first VLSOA 602 has no 
bearing on the wavelength A.^ that carries the signal. The final, converted, wavelength is 
determined by the characteristics of the second VLSOA 614. Thus, the embodiment shown in 



^ Figure 7 has ah input of a signal on any first wavelength and an output of the same, non- 
CD 

inverted, signal on a second wavelength X^, the second wavelength being fixed by the 



characteristics of the second VLSOA 614. 



C3 [0067] Figure 8 is a block diagram of yet another embodiment of a wavelength converter. 



The embodiment shown in Figure 8 allows a choice of many different wavelengths to carry the 
signal. The embodiment in Figure 8 includes N different VLSOA's 622-626, each configured to 

(3 

\A act as an inverter. The input signal 620 can be converted to any wavelength A., - X^^, as 

determined by the N different VLSOA's. The input signal is sent to a selected one of the N 
different VLSOA's by using a selector 621 . In various embodiments, the selector 621 is a 
mirror, such as a MEMS (micro electrical-mechanical system) mirror, a signal divider, or another 
component capable of selectively directing the input signal 620 to the desu^d VLSOA. 
[0068] In one embodiment, each of the VLSOA's has different physical characteristics, so 
each of the VLSOA's outputs a different wavelength. The wavelength of each VLSOA is 
determined by the optical path length of the laser cavity, which in turn is determined by the 



Case 5921 



21 



21 1 53/OlOOO/DOCS/l 176884.1 



C3 



distance between the mim)rs and the refractive index of the laser cavity. Each of the VLSOA's 
used is chosen to have a different optical path length of the laser cavity in order to provide a 
different output wavelength. 

[0069] If the input signal 620 is sent to the first VLSOA 622, the laser output of the first 
VLSOA 622 carries the output signal 628 on a first wavelength A,,. As previously discussed, the 
output signal 628 is inverted relative to the input signal. The first wavelength is determined 
by the characteristics of the first VLSOA 622. Similarly, if the input signal is sent to the second 
VLSOA 624, the laser output of the second VLSOA 624 carries the output signal 630 on a 
second wavelength A^. The second wavelength is determined by the characteristics of the 



s3 second VLSOA 624. If the input signal is sent to the Nth VLSOA 626, the laser output of the 
Nth VLSOA 626 carries the output signal 632 on an Nth wavelength X^. The Nth wavelength 
Q is determined by the characteristics of the Nth VLSOA 626. The final output 640 of the system 

3 

M then is the inverted signal at the wavelength determined by which VLSOA converts the 
fU 

wavelength of the signal. 
1^ [0070] The embodiment shown in Figure 8 allows the choice of many different 

wavelengths to carry the signal. Since each VLSOA has a different output wavelength, choosing 
a VLSOA to send the signal to also chooses the new wavelength of the signal. Thus, having 
multiple different VLSOA's allows many different final wavelengths. 

[0071] Alternatively, the embodiment of Figure 8 can be modified so that the output is not 
inverted. The two- VLSOA wavelength converter shown in Figure 7 can be used in place of the 
single VLSOA wavelength converter of Figure 8. The single VLSOA wavelength converters 
622, 624, and 626 can each be replaced by a double VLSOA wavelength converter shown in 
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Figure 7. Alternatively, a first VLSOA may be placed prior to the selector. In such an 
embodiment, the input signal enters the input of the first VLSOA, and the output of the first 
VLSOA, which is the inverted input signal, goes to the selector 62L Then, the signal from the 
first VLSOA is sent to a selected one of the N different VLSOAs 622-626. In such 
embodiments, the final output 640 of the system has been re-inverted to return to its original 
input form. 

[0072] Rather than a fixed wavelength converter, it is sometimes advantageous to use a 
tunable wavelength converter. In the embodiment shown in Figure 8, each VLSOA 622, 624, 

' " and 626 has an output of a different wavelength. Occasionally, VLSOAs fail and must be 

O 

|2 replaced. If replacement VLSOAs are all fixed wavelength converters, a replacement VLSOA 

f U must be kept available for every different wavelength. This can result in a large inventory of 

13 

^3 replacement VLSOAs or significant redundancy built into the system. Keeping such a large 



inventory of unused VLSOAs is expensive. A VLSOA with a tunable output wavelength 
advantageously reduces the requirement of a large inventory of replacement VLSOAs. 
M [0073] Figure 9 is a diagram of a VLSOA 902 configured as a tunable wavelength 

converter. The VLSOA 902 has an input 1 12 to the amplifying path, an output of the amplifying 
path, a pump input 150 for pumping the active region, and a laser output 910 for the laser mode 
of the laser cavity. The optical path length of the VLSOA 902 is tunable. Thus, because the 
optical path length of the laser cavity determines the wavelength X,, of the laser output 910, the 
laser output 910 of the VLSOA 902 has a tunable wavelength and VLSOA 902 acts as a 
tunable wavelength converter. 
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[0074] The optical path length of the lasing cavity determines the wavelength Xi,. Two 
aspects of the VLSOA 902 primarily detennine the optical path length, and thus the wavelength 
X,,, of the laser output 910: the distance 912 between the mirrors 506 and 508 and the refractive 
index of the materials between the mirrors 506 and 508 of the VLSOA 902. In the VLSOA 902, 
the distance 912 between the mirrors 506 and 508, the refractive index, or both the distance 912 
and the refractive index, are variable. Like the fixed wavelength converter VLSOA 602, the laser 
output 910 of the tunable wavelength converter VLSOA 902 is the input 1 12 signal inverted. 
[0075] In other embodiments, other methods are used to tune the wavelength A,, of the 

I- VLSOA 902. These methods include: (a) ring cavities where the length of the ring determines 

□ 

p the wavelength; (b) coupled cavity resonators, where a series of Fabry-Perot cavities, or rings, or 



another resonant cavity collectively determine the wavelength X^^; (c) photonic band gap 



'4 
fU 
13 

?3 resonators and filters - a group of resonators and filters that are very small and filter photons 



much in the same way electrons in a crystal form bandgaps; (d) directional coupler filters, which 
allow two modes to be coupled in a wavelength dependent manner using waveguide guide modes 
li or another type of mode; (e) grating assisted couplers, which are similar to directional coupler 
filters, but a grating (periodic index or gain/absorption perturbations) is used to help select the 
peak wavelength; (f) diffraction gratings, which cause a periodic change in index of refraction or 
gain/absorption across the transerse profile of the light beam such that wavelength dependent 
diffraction peaks (1" order, 2°^ order, etc.) result; (g) Echelle gratings, or one of many other types 
of gratings; (h) arrayed waveguide gratings, which are a series of waveguides that are phased to 
give wavelength dependent transmission, such as a phased array radar anteima system; (i) multi- 
mode interferometer filters, which utilize higher order transverse modes and their coupling 
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between each other to achieve filter and splitter effects; (j) an asymmetric Mach-Zhender filter, 
which is a type of filter that utilizes a splitter, two unequal optical path lengths, and a combiner 
to achieve a filtered response (this can also be done using two polarizations); (k) Sagnac 
interferometer filter, which is similar to the Mach-Zhender but in a ring type configuration. 
[0076] As with the fixed wavelength converter, the tunable wavelength converter does not 
require a pre-amplifier. The VLSOA is capable of amplifying the signal sufficiently so that such 
a pre-amplifier is unnecessary. 

[0077] Figure 10a is a diagram of a VLSOA 902 with a variable distance 912 between 

|i minors 506 and 508. Changing the distance 912 between the mirrors 506 and 508 changes the 

b 

p optical path length, and thus the wavelength of the laser output. There are several ways to 

jy change the distance 912 between the mirrors 506 and 508. 

Q 

13 [0078] A first embodiment with a variable distance 912 between the mirrors 506 and 508 

i 

i'^ uses a micro electro-mechanical system (MEMS) to adjust the distance 912. The VLSOA 902 

fU 
I f 

■^p includes an air gap 1002 between the top mirror 506 and the bottom mirror 508. The top minor 
(3 

1^ 506 is capable of moving closer or further firom the bottom mirror 508. Preferably, the range of 
motion of the top mirror 506 is approximately 30nm. A voltage V is applied between the top 
mirror 506 and a conducting layer 1004 to move the top mirror 506. As the voltage V is 
changed, the top mirror 506 moves and the distance between the mirrors 506 and 508 changes. 
In this embodiment, the top mirror 506 is an electrostatic deformable membrane. Preferably, as 
the top mirror 506 moves, it remains parallel to the active region of the VLSOA 902. 
[0079] There are many arrangements of the top mirror 506 that allows the top mirror 506 to 
move. In one embodiment, shown in Figure 10b, the top mirror 506 is suspended in the air gap 
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1002 by a cantilever section 1006: In another embodiment, shown in Figure 10c, the top mirror 
506 is suspended by four flexible tethers 1008. Altematively, a different number of tethers 1008 
could be used. 

[0080] The refractive index can also be changed to change the optical path length. There 
are several ways to change the refractive index. Figure 1 1 is a diagram of an embodiment of a 
VLSOA 902 with a tunable output wavelength. The embodiment of the tunable VLSOA 902 
shown in Figure 1 1 includes a tunable region 1 102 between the active region and the top mirror 
506. The tunable region 1 102 could also be placed between the active region and the bottom 

|A mirror 508. The output wavelength is tuned by changing the refractive index of the tunable 

p region 1102. 

[0081] In a first embodiment, the tunable region 11 02 is a liquid crystal layer. Applying a 



'4 

m 

□ voltage across the liquid crystal layer controllably changes the refractive index. In another 



!° embodiment, layers of temperature sensitive materials are used to make up the tunable region 

u 

o 

\A sensitive materials. 



1 102. Changing the temperature changes the refractive index of the layers of temperature 



[0082] Additionally, the index of refraction of the tunable region 1 102 may be adjusted 
using physical mechanisms which occur within semiconductor material such as, for example, the 
thermo-optic effect, the Stark effect, the quantum-confined Stark effect, the Franz-Keldysh 
effect, the Burstein-Moss effect (band filling), the electro-optic effect, the acousto-optic effect, or 
other techniques. These effects by themselves are described in various publicly available 
literature. Further, electrons and/or holes can be injected into the tunable region to cause a 
change in the refractive index. 



Case 5921 



26 



2 1 1 53/01 000/IXX:S/l 1 76884. 1 



[0083] Aside from having a tunable output wavelength of the laser output 910, the tunable 
wavelength converter VLSOA 902 is similar to the fixed wavelength converter VLSOA 602. 
The tunable wavelength converter VLSOA 902 is generally capable of replacing the fixed 
wavelength converter VLSOA 602 in applications. 

[0084] Figure 12 is a block diagram of a tunable wavelength converter where the final, 
converted output is not inverted. The embodiment of Figure 12 includes the VLSOA 602 of 
Figure 6 as a first VLSOA. The input signal 112 of any wavelength Xj, enters the first VLSOA 
602. The laser output 610 of the first VLSOA 602 has the input signal carried by a fixed 
l-i wavelength X^, . The wavelength A.^., is determined by the physical properties of the VLSOA 602, 
|2 including the index of refraction and the distance between the mirrors 612, as discussed above. 

fij As discussed above, in the laser output 610 the input signal has been inverted. 

□ 

□ [0085] This inverted signal 610 is provided as input to a second VLSOA 902. The second 
|2 VLSOA 902 is the tunable VLSOA 902 of Figure 9. As with the embodiment of Figure 7, the 
'^Z inverted signal 610 can be provided as input to the second VLSOA 902 by using a mirror 702 or 
\A by positioning the VLSOAs 602, 902 with orthogonal orientations. The laser output 910 of the 
second VLSOA 902 acts as the final output of the wavelength converter. Since the second 
VLSOA 902 also acts as an inverter, the signal is re-inverted so that the signal is returned to its 
original form. 

[0086] The optical path length of the laser cavity determines the wavelength X,i of laser 
output 910. This optical path length is tunable, and is determined by the distance between the 
mirrors and the index of refraction of the second VLSOA 902. As discussed above, an input of 
any wavelength will result in the same tuned wavelength output. Thus, in the embodiment of 
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Figure 12, the wavelength X^, of the output 610 of the first VLSOA 602 has no bearing on the 
wavelength X^, that carries the signal. The final, converted, wavelength is determined by the 
characteristics of the second VLSOA 902. Thus, the embodiment shown in Figure 12 has an 
input of a signal on any first wavelength and an output of the same, non-inverted, signal on a 
second wavelength \i. The second VLSOA 902 is tuned to determine the second wavelength 

[0087] The tunable wavelength converter can similarly be substituted for the fixed 

wavelength converter in other apphcations. 

H [0088] Similar to the fixed wavelength converter, the timable wavelength converter does 

1^ not require a pre-amplifier. The VLSOA is capable of generating a high power laser output 910 

f y so that such a pre-amplifier is unnecessary. 
p 

?3 [0089] Figure 13 is a block diagram of an optical flip-flop wavelength converter 1300. The 

s 

!y flip-flop wavelength converter 1300 comprises three VLSOAs: a first VLSOA 1302, a second 
p VLSOA 1304, and a third VLSOA 1322. The first and second VLSOAs 1302 and 1304 fimction 
!*& as an optical flip-flop. 

[0090] The two VLSOAs 1 302 and 1304 in the optical flip-flop both function as inverters. 
The optical flip-flop has a set input 1306 and a reset input 1308. The optical flip-flop also has 
two outputs, a first output 1318 and a second output 1320. The set input 1306 is combined with 
the laser output 1316 of the second VLSOA 1304 and input 1310 to the first VLSOA 1302. The 
laser output 1314 of the first VLSOA 1302 is the first output 1318 of the optical flip-flop. The 
laser output 1314 of the first VLSOA 1302 is also combined with the reset input 1308 and input 
1312 to the second VLSOA 1304. The laser output 1316 of the second VLSOA 1304 is the 
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second output 1320 of the optical flip-flop in addition to being combined with the set input 1306 
and input 1310 to the first VLSOA 1302, as previously mentioned. The output 1 14 of the first 
and second VLSOAs 1302 and 1304 is generally discarded for wavelength conversion purposes. 
In some embodiments, to aid in avoiding destructive interference between combined signals, the 
wavelengths or polarizations or both of the signals combined by combiners are selected to be 
different. This is done in some embodiments by using VLSOAs having laser outputs with 
different wavelengths. 

[0091] In operation, the optical flip-flop has two stable states. The first occurs when a high 

\i signal is applied at the set input 1306. When a high signal is applied at the set input 1306, the 

\ -J 

I? laser output 1314 of the first VLSOA 1302 is low, since the first VLSOA 1 302 acts as an 

fy inverter. Therefore, the first output 1318 of the optical flip-flop is low, and the low signal is sent 

□ 

□ to the input 1312 of the second VLSOA 1304. As the second VLSOA 1304 also acts as an 



inverter, the laser output 1316 of the second VLSOA 1304 is high. Thus, the second output 1320 
of the optical flip-flop is high, and the high signal is sent to the input 1310 of the first VLSOA 
id 1302. Hence, after a high signal is applied at the set input 1306, the signal can be removed. The 
high signal fi-om the laser output 1316 of the second VLSOA 1304 causes the optical flip-flop to 
remain in the first stable state, with the first output 1318 low and the second output 1320 high. 
[0092] The second stable state occurs when a high signal is applied at the reset input 1308. 
When a high signal is applied at the reset input 1308, the laser output 1316 of the second 
VLSOA 1304 is low, since the second VLSOA 1304 acts as inverter. Therefore, the second 
output 1320 of the optical flip-flop is low, and the low signal is sent to the input 1310 of the fu^t 
VLSOA 1302. As the first VLSOA 1302 also acts as an inverter, the laser output 1314 of the 
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!3 



fU 

13 



(3 



first VLSOA 1302 is high. Thus, the first output 1318 of the optical flip-flop is high, and the 
high signal is sent to the input 1312 of the second VLSOA 1304. Hence, after a high signal is 
applied at the reset input 1308, the signal can be removed. The high signal fi-om the laser output 
1314 of the first VLSOA 1302 causes the optical flip-flop to remain in the second stable state, 
with the first output 1318 high and the second output 1320 low. 

[0093] In siimmary, a high signal input to the set input 1306 results in a stable state of a 
low first output 1318 and a high second output 1320. A high signal input to the reset input 1308 
results in a stable state of a high first output 1318 and a low second output 1320. 
[0094] In the flip-flop wavelength converter 1300, the set input receives the input data, and 



1^ the third VLSOA 1322 is connected to the optical flip-flop. The third VLSOA 1322 also 



U functions as an inverter. A portion of the set input 1306 is input 1324 to the third VLSOA 1322. 

The laser output 1326 of the third VLSOA 1322 is received by the second VLSOA 1304 as the 
* 

It reset input 1308. This allows the optical flip-flop to be set and reset according to the set input 
1306 data level.. When a high signal is applied to the set input 1306, the optical flip-flop is set in 
a first stable state. In this first stable state, the first output 1318 is low and the second output 
1320 is high. When the signal applied to the set input 1306 goes low, the third VLSOA 1322 
acts to invert that signal so that a high signal is applied to the reset input 1308. This causes the 
optical flip-flop to be set in a second stable state. In this second stable state, the first output 1318 
is high and the second output 1320 is low. 

[0095] Since the set input 1 306 is inverted and applied to the reset input 1 308 by the third 
VLSOA 1322, the optical flip-flop is in either the first or second stable states, depending on the 
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input data level. When the data signal is high enough, the outputs are in one stable state, and 
when the data signal drops below a threshold, the outputs are reset to the other stable state. 
[0096] Either the first or second output 1 3 1 8 or 1 320 may be taken as the wavelength 
converted output. The wavelength of the first output 1318 is determined by the optical path 
length of the first VLSOA 1302. The wavelength of the second output 1320 is determined by the 
optical path length of the second VLSOA 1304. Since the data signal is applied to the set input 
1306 and the first and second VLSOAs 1302 and 1304 function as inverters, the first output 1318 
is the input inverted, and the second output 1320 is the original data signal, not inverted. Thus, 
^"^ the first output 1 3 1 8 is the data signal that has been inverted and converted to a wavelength 
|2 determined by the first VLSOA 1302, and the second output 1320 is the data signal non-inverted 

lU and converted to a wavelength determined by the second VLSOA 1304. 

13 

^3 [00971 The first and second VLSOAs 1 302 and 1 304 each may have laser outputs with 

3 

li" fixed wavelengths, such as VLSOA 602, with tunable wavelengths, such as VLSOA 902. Thus, 
,p the flip-flop wavelength converter 1 300 can be either a fixed wavelength converter or a tunable 
i*^ wavelength converter. 

[0098] In some embodiments, a second input is combined with the data input and applied 
to the set input 1306. This second input can be chosen to determine the flipping threshold of the 
data input. In yet another embodiment, this second input is a clock input, and the flipping 
threshold is chosen so that both the clock signal and the data input must be high to activate the 
first stable state. This provides a clocked flip-flop wavelength converter. 
[0099] Figure 14 is a block diagram illustrating one application for a wavelength converter. 
The application shown in Figure 14 is a wavelength converter that allows the use of a pre- 
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amplified PIN receiver in an optical system. One such optical system in which such a receiver 
would be advantageous is a dense wavelength division multiplexer (DWDM). In such systems, 
there are three levels of receivers, with the first level being the worst and the third level being the 
best. The first level is a PIN photodiode receiver. The second level is an avalanche photodiode 
(APD) receiver. The third and best level is a pre-amplified receiver, such as a pre-amplified PIN 
photodiode receiver. 

[00100] While the best receiver is the pre-amplified PIN receiver, these receivers have not 
been used in the past. This is because optical amplifiers, necessary to supply the pre- 
}A amplification, have been too expensive. Further, the prior optical amplifiers, such as erbium- 



doped fiber amplifiers (EDFAs) are large, and cannot be fabricated as an integrated imit with the 



receiver. Finally, pre-amplified PIN receivers require a filter between the amplifier and the 



fU 
□ 

13 receiver to eliminate out-of-band light. Typical receiver bandwidth is about 2 nm, while the 



^- optical amplifier outputs an ASE (amplified spontaneous emission) having a band width of more 



than 60 nm. 



It [00101] The first two problems are solved by using an LSOA as an optical amplifier, as 
discussed above. The LSOA is far less expensive than previous optical amplifiers. The LSOA 
also may be integrated with the receiver. However, the third problem is not solved. The receiver 
used is chosen based on the wavelength that the receiver is to detect. Different receivers detect 
different wavelengths. Thus, in DWDM applications, where there are many different 
wavelengths, this creates a "sparing" problem. A "sparing" problem is a problem where many 
spare components as backups. For example, in a DWDM system with 100 different channels on 
100 different wavelengths, 100 different spare receivers must be kept on hand to provide backup. 
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Each spare receiver has a filter for the particular wavelength it will receive. Alternatively, the 
receiver could have a tunable filter, although this also increases size and cost. 
[00102] The system illustrated in Figure 14 solves this problem. ]n Figure 14, the input 
signal 1400 has an unknown wavelength. The input signal 1400 has been pre-amplified, in some 
embodiments by an LSOA, and is received by a wavelength converter 1402. The wavelength 
converter 1402 may be one of the wavelength converters described above. No matter what 
wavelength the input signal 1400 has, the wavelength converter 1402 outputs the signal on a 
wavelength that is known and determined by the wavelength converter 1402. Thus, the 
wavelength converter 1402 outputs a wavelength converted signal 1404. This wavelength 

Q 

1^ converted signal 1404 is received by the filter 1408. Since the wavelength converted signal 1404 

'■'4 

f U has a wavelength determined by the wavelength converter 1402, only one filter is needed in the 
□ 

U system. The filter 1408 filters the wavelength converted signal 1404 and sends the filtered signal 

a 

It 1406 to the receiver 1412, where it is detected. 

\g [00103] Thus, since the wavelength converter 1402 outputs a signal on a known wavelength 

Q 

\A regardless of the input wavelength, multiple different filters are not necessary. The wavelength 
converter 1402 will output the same wavelength to the filter 1408 for different input signal 1400 
wavelengths. In addition, the wavelength converter 1402 based on LSOAs may be integrated 
with the filter 1408 and receiver 1412, fiirther reducing cost and size. By using such a 
wavelength converter 1402, the system in Figure 14 acts as a broadband receiver such as a PIN 
photodiode or APD, but with improved sensitivity. 

[00104] The invention has been particularly shown and described with reference to a 
preferred embodiment and several alternate embodiments, it will be understood by persons 
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skilled in the relevant art that various changes in form and details can be made therein without 
departing from the spirit and scope of the invention. For example, instead of a VLSOA, a 
transverse lasing semiconductor optical amplifier (TLSOA) or longitudinal lasing semiconductor 
optical amplifier (LLSOA) may be used. 
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